The exposure of concrete to gamma radiation gives rise to a set of physical and chemical processes over multiple length scales, from molecular to bulk. The literature includes a number of bulk-scale studies which report the radiogenic heating of concrete and the loss of water (unbound, physically-bound, and/or chemically-bound) due to irradiation. This paper mechanistically quantifies observations by these studies, and presents a continuum framework to model the effects of gamma photons on concrete. A basis is presented for comparing otherwise disparate results in the literature for radiolysis rates. The Stefan-Boltzmann Law, adapted to include a gamma heat source term, reasonably describes radiogenic heating in concrete specimens. In multiple studies, the primary mechanism for dehydration is the loss of liquid water in the pore network of the cement product, rather than of water which is physically or chemically bound in a solid state. which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Introduction
This is a companion paper to Reches 2019 (Under review) , which summarizes experimental observations of the multi-scale effects of gamma rays on concrete. The present paper details quantitative and modeling approaches used to describe these effects.
Gamma radiation affects concrete on multiple lengthscales, from the molecular-to the bulk-scale. The literature includes a number of bulk-scale observations related to the radiogenic heating of concrete (Linton et al. 2018; Sanchez et al. 2018 ) and the radiolysis of water (unbound, physically-bound, and/or chemically-bound) (Gray 1972; Kelly et al. 1969; Kontani et al. 2010; . The present work uses data from these studies as a basis to construct mechanistic models, which may support the design of future experiments and systems related to the application of concrete in conditions of gamma radiation (e.g., dry cask nuclear storage). A basis is presented for comparing otherwise disparate results in the literature for radiolysis rates. The comparative basis for other properties of interest, such as strength and porosity, is shown in Appendix A.
Modeling of Radiogenic Heating
This section supports modeling of radiogenic heating in specimens of cement products, corresponding with Sub-Sect. 5.2 of the companion paper.
Model for Radiogenic Heating of Irradiated Target in Cylindrically-Symmetric Gamma Irradiation Configuration
It is common for the radiation field in studies involving the gamma irradiation of cement products to have a cylindrical symmetry, and for the specimens to have a cylindrical (or quasi-cylindrical) geometry. Such a configuration is shown in Fig. 1 for the conditions reported in Linton et al. (2018) and Sanchez et al. (2018) . Figure 2 shows the attenuation of the gamma radiation field as it passes through the target specimens. Per Page 2 of 8 Reches Int J Concr Struct Mater (2019) 13:59 William et al. (2013) , the attenuation follows an exponential law (1).
where f 0 is the incident gamma radiation dose rate at the exterior surface of the specimens (W/kg = 3.6 kGy/h), µ is the linear attenuation coefficient of the material for gamma rays (m −1 ), R is the radius of the set of specimens (m), and r is the radial dimension after Fig. 1 (m) .
As the gamma beam travels through the specimen and is attenuated according to (2), the photonic energy is converted to thermal energy Q γ , given by (3) and (4).
(1)
where, θ is the angular dimension after Fig. 1 (m) , z is the height dimension after Fig. 2 (m) , h is the height of specimen(s) after Fig. 2 (m) , and ρ is the density of specimen(s) (kg/m 3 ). Due to the sufficiently high thermal conductivity of concrete, let us estimate that the temperature does not substantially vary within a specimen, per Sanchez et al. (2018) . The radiative energy balance between the specimen and its environment is given by the Stefan-Boltzmann Law (5) (Boltzmann 1884) .
where Q rad is the radiative heat flux from the specimen to its environment (W), ε is the emissivity of the apparatus, σ is the Stefan-Bolzmann constant (5.67 × 10 −8 Wm −2 K −4 ), A is the exposed area of specimen (m 2 ), T sp is the temperature of the specimen (K), and T env is the temperature of the environment (K).
The emissivity of the apparatus is given by (6).
where ε 1 is the emissivity of the concrete or encasing material (such as a canister or foil wrapping), and ε 2 is the emissivity of the irradiation chamber wall.
In steady-state conditions, assuming cylindrical geometry, the energy balance yields (7)-(9).
Estimating the Linear Attenuation Coefficient
Bashter (1997) tabulated the linear attenuation coefficient µ of concrete by energy of the incident photons and density of the concrete ρ . 60 Co has two major gamma peaks at 1.17 and 1.33 MeV, so the linear attenuation coefficients reported by Bashter at 1.25 MeV were used. The relationship of µ vs. ρ for the seven mixes examined therein was linear, per Fig. 3 , with the linear regression (10).
(10) µ = 0.00526ρ + 0.98619 Specimens are not directly exposed to water, but are housed inside the irradiation chamber in the middle of the fuel source, and are in direct contact with a purge gas (typically nitrogen) and thermal equilibrium is maintained by radiative heat transfer between the specimens and the chamber. The model (9), is validated using Sanchez et al. (2018) . The authors reported specimen geometry as 2.54 × 2.54 × 5.08 cm 3 (1″ × 1″ × 2″) prisms, which were arranged in 11 layers, each containing 4 specimens in a square pattern, shown in Fig. 4 . Though not perfectly cylindrical, this geometry, when modeled as quasicylindrical, yields R = 2.54 × 10 −2 m. The specimens were irradiated at the High Flux Isotope Reactor, where T env = 310.93 K (100 °F) (Oak Ridge National Laboratory). The density of the specimens was ρ = 3200 kg/m 3 , yielding µ = 17.8 m −1 per (10). Specimens were encased in a stainless steel canister ( Fig. 4) , which was perforated so that 70% of its profile was unpolished steel (emissivity of 0.7 (Emissivity (2019) 13:59 in the Infrared 2018) and 30% was exposed concrete (emissivity 0.95) (Emissivity in the Infrared 2018). By the weighted average, ε 1 = 0.775. The irradiation chamber wall consisted of unpolished stainless steel ( ε 2 = 0.7) (Emissivity in the Infrared 2018). Therefore, per (6), ε = 0.582.
Per Table 1 and Fig. 5 , this model reasonably describes the radiogenic heating of the specimens. Considering that this approach does not require any fitting parameters, the r-squared value of 0.92 is satisfactory.
Rates of Radiolysis
This section supports modeling of the fate of water in gamma-irradiated cement products, corresponding with Sub-Sect. 5.3 of the companion paper.
For cement products subjected to gamma radiation, unbound water may be lost due to a combination of radiation-related effects (dehydration or radiolysis by direct impact of photons) and non-radiation related effects (evaporation due to temperature and humidity conditions). For temperatures near or below 100 °C, physically-or chemically-bound water is essentially only lost due to the radiation-related effects. A first-order model for gamma-related dehydration of water in cementitious matrices is developed below based on data from Gray (1972) , Kelly et al. (1969) , Kontani et al. (2010 Kontani et al. ( , 2013 . Given the innate challenge of applying a new model to data which were not designed for such an analysis, a number of simplifying assumptions were required. In all cases, dehydration was assumed to be independent of specimen geometry (essentially, it was assumed that the rate of formation of radiolytic products was slower than the rate of their outward diffusion, which seems likely, given the small specimen sized used in all these studies) and the directionality of the gamma radiation field.
The approach in these cases was to report the water (Kontani et al. 2010) , H 2 gas (Kontani et al. 2010 (Kontani et al. , 2013 , and/or total gas volume (Gray 1972; Kelly et al. 1969) that evolved from the specimens, as well as the initial (Gray 1972; Kelly et al. 1969; Kontani et al. 2010 Kontani et al. , 2013 and/or final (Kontani et al. 2010 (Kontani et al. , 2013 water content of the specimens. Regardless of the reaction pathways, if we assume that the net stoichiometry of water radiolysis is approximately per (11), then these data can be used to construct the mass balance (12) for radiolysis and dehydration.
where t is the time (h), m w,s , m w,l , m w,g is the mass of solid (i.e., chemically-bound and some physically-bound), liquid (i.e., unbound and some physically-bound), and gaseous water, respectively, in the specimen or element (g), and m w,e , m H 2 ,e , m O 2 ,e is the mass of water vapor, H 2 , and O 2 , respectively, evolved from the specimen or element to the atmosphere from an arbitrarily selected start time t 0 to t (g).
At present, there does not appear to be some fundamental criterion to determine the degree to which physically-bound water can be classified as m w,s vs. m w,l . Such a distinction would make an interesting topic for future research, but is not strictly necessary for the analysis in this paper. Supposing that the mass of gaseous water in the specimen or element is fairly constant and applying the stoichiometry from (11), the mass balance is simplified to (13). Then (14) and (15) describe the net hydrolysis rates.
where K r,s is the net rate of radiolysis of solid-state water (Gy −1 ), and K r,l is the net rate of radiolysis of liquid water (Gy −1 ).The general solution (13) lends itself to a multitude of test configurations and boundary conditions. Particular solutions for the conditions described in Gray (1972) , Kelly et al. (1969) , Kontani et al. (2010 Kontani et al. ( , 2013 are presented below.
Kontani et al. (2013)
In Kontani et al. (2013) , a first set of specimens was fired at 120 °C, then irradiated at 25-60 °C. For these specimens, the authors reported that m w,l , m w,e ≈ 0 . Assuming, therefore, that dm w,l dt , dm w,e dt = 0 , K r,s is then given by (16). where t f is the time of termination of experiment (h).
A second set of specimens was fired at 40 °C, then irradiated at 25-60 °C. For these specimens, the authors reported that dm H 2 ,e dt ≪ dm w,e dt , dm w,s dt ≪ dm w,l dt , and the total water content in the specimens decreased linearly with time. The latter two observations imply d dt m w,s + m w,l ≈ dm w,l dt ≈ C , where C is a constant. Together, these approximations give rise to (17) and (18) . The integration of (18) from the experimental start time t = 0 to the experimental end time t = t f yields (19) . Given that the vast majority of solid water is stable at 120 °C (Lee et al. 2009 ), it is assumed that K r,s for any specimen fired to 40 °C was the same as the same specimen's counterparts which had been fired to 120 °C. Then K r,l is given by (20). This model reasonably described observations of the net hydrolysis of water (e.g., Fig. 6 ). where m w,l,i , m w,l,f is the mass of liquid water measured in the specimen in the initial and final condition, respectively (g).
Kontani et al. (2010)
In Kontani et al. (2010) , two sets of specimens were irradiated: (i) at 11 kGy/h and approximately 45 °C (4 replicates) and (ii) at 3.6 kGy/h and approximately 30 °C (2 replicates). In this study, the total water content m w,t = m w,s + m w,l was reported at t = 0 . dm H 2 ,e dt and ∫ t 0 dm w,l dt dt were reported for all 0 ≤ t ≤ t f . The experiment was run until essentially all liquid water had evaporated (i.e., m w,l ≈ 0 at t = t f ). Accordingly, K r,l and K r,s were estimated by a least sum of square of errors regression of (21), with m w,s and m w,l determined according to (22) and (23), respectively. This model reasonably described observations of the net hydrolysis of water (e.g., Fig. 7 ). Mass of radiolyzed water (estimated as 9-times the mass of evolved H 2 ) vs. time for unconditioned cement paste specimens exposed to different irradiation dose rates and temperatures, as observed by Kontani et al. (2010) or modeled according to (18), (24), and (25).
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Kelly et al. (1969) and Gray (1972)
A set of identical data were presented by Kelly et al. (1969) and by Gray (1972) for gamma irradiation of concrete specimens at 50 kGy/h circa room temperature. The flux of gases evolved from the specimens was reported and consisted essentially of O 2 and H 2 , with minor amounts of N 2 and CO. The authors estimated that the water content at the start of irradiation was m w,t (t = 0) = 0.05 kg/kg concrete, but did not specify how much was solid vs. liquid. If we assume that the solid-state water was approximately 14% of the mass of cement [per Kontani et al. (2013) ] and the remainder was liquid, then m w,s = 0.034 kg/kg concrete, and m w,l = 0.016 kg/kg concrete. Kelly et al. (1969) and Gray (1972) reported for radiation doses ≤ 2.27 × 10 7 Gy a gas flux that averaged 23 cm 3 /MGy/kg concrete at standard temperature and pressure. The specimens were then removed from the irradiation rig for 1 month. During that time, the specimens appear to have (perhaps inadvertently) been desiccated of all liquid water, so that for doses > 2.27 × 10 7 Gy the gas flux decreased to 2.4 cm 3 /MGy/kg concrete at standard temperature and pressure.
In order to use this reported volumetric flux in the present models, it is necessary to convert to a mass flux term, using the idealized gas assumption at standard temperature and pressure (1 mol = 2.24 × 10 4 cm 3 ). Thus, the molar fluxes are 1.02 × 10 −3 mol/MGy/kg concrete (for doses ≤ 2.27 × 10 7 Gy) and 1.06 × 10 −4 mol/MGy/kg concrete (for doses > 2.27 × 10 7 Gy). Assuming that the evolved gas consisted of H 2 and O 2 according to the stoichiometry of (11), then the mass fluxes d d(f 0 t) m H 2 ,e + m O 2 ,e are 6.11 × 10 −3 g H 2 O/MGy/kg concrete (for doses ≤ 2.27 × 10 7 Gy) and 6.37 × 10 −4 g H 2 O/MGy/kg of concrete (for doses > 2.27 × 10 7 Gy). Then K r,l = 3.8 × 10 −10 Gy −1 per (24) and K r,s = 1.9 × 10 −11 Gy −1 per (25).
Results
The values of K r,s and K r,l calculated using data from Gray (1972) , Kelly et al. (1969) , Kontani et al. (2010 Kontani et al. ( , 2013 and the associated conditions are summarized in studies, K r,s was on the order of 10 −11 -10 −10 Gy −1 and K r,l was on the order of 10 −10 -10 −9 Gy −1 . For any given material and configuration, it was observed that K r,s ≪ K r,l . Therefore, it is understood that the primary pathway for radiolysis of water occurs through the liquid water. The data currently available in the literature are not sufficient to determine the effects of composition, specimen geometry, and environmental conditions on K r,s and K r,l .
Conclusions
The gamma radiogenic heating of concrete was successfully modeled using the Stefan-Boltzmann Law by incorporating a term to account for thermal energy flux due to gamma radiation. A general solution was developed for mass balances related to the radiolysis of water and cement products and outward diffusion of the generated H 2 and O 2 gases. Previous studies (Gray 1972; Kelly et al. 1969; Kontani et al. 2010 Kontani et al. , 2013 , have reported mass/volume observations for water and/or radiolytic products evolved during gamma irradiation of cement products in a variety of conditions. These observations were used to develop particular solutions, which showed that radiolysis occurs primarily in the liquid (i.e., unbound and some physically-bound) water and secondarily in the solid (i.e., chemically-bound and some physically-bound) water.
In order to support a further validation and development of this model, future irradiation work on concrete may include the following experimental facets: (i) characterization of effluent gases from the irradiation chamber (e.g., by gas chromatography-mass spectrometry) in order to determine the mass balance of radiolyzed vs. non-radiolyzed off-gases, (ii) irradiation of specimens of varying geometry in comparable conditions, in order to determine the effects of diffusion pathways on the mass balances of water and radiolytic products, and (iii) additional work providing temperature control and monitoring, similar to Kontani et al. 2013 , in order to allow for de-coupling of temperature and radiation effects.
